Abstract:
Rates of oxygen consumption (R) and ammonia excretion (E) of a total of 22 20 species of zooplankton and hyperbenthos, which weighed 0.0012 to 26.7 mg dry mass 21 (DM), from inshore and slope waters of the Great Barrier Reef were determined at in 22 situ temperatures (23 to 30 o C). Rs ranged from 0.0048 to 118.3 μL O 2 ind.
-1 h -1 and Es 23 from 0.00051 to 15.9 μg NH 4 -N ind.
-1 h -1
. Stepwise regression analyses in which the 24 differences in body mass are taken into account revealed that zooplankton and 25 hyperbenthos exhibited comparable R, but the latter showed lower E than the former. 26
As a result, the atomic ratio of R to E (O:N) of hyperbenthos (geometric mean: 52.5) 27 was greater than that (15.1) of zooplankton. No appreciable differences were evident in 28 C and N composition of the bodies between zooplankton-hyperbenthos; total carbon 29 (C) ranged from 18.0 to 47.2% of DM and total nitrogen (N) from 2.4 to 12.7% of DM, 30 with C:N ratios of 3.1-7.5. Judging from C and N composition, protein was the major 31 component of body organic matter of both zooplankton and hyperbenthos. In terms of 32
Introduction 39
Hyperbenthos is a distinct assemblage of small animals occurring in the water 40 layer adjacent to the sea bottom, and is analogous to "benthopelagic" plankton in the 41 open ocean or to "demersal" zooplankton in reef systems. The hyperbenthos includes 42 resident species, demersal zooplankton during their downward excursion and endo-or 43 epibenthic species that emerge into the water column as part of their diel cycles (see 44 review of Mees & Jones 1997) . The most common representatives of the hyperbenthos 45 are amphipods, mysids, decapods, and isopods. From a trophodynamic viewpoint, 46 hyperbenthos, together with zooplankton, are important dietary components of a 47
Within 2-4 hours of collection, oxygen consumption and ammonia excretion 87 rates were measured simultaneously by a sealed-chamber method (Ikeda et al. 2000) . 88
The specimens were rinsed briefly 3-4 times with filtered seawater and an individual 89 or a batch of individuals was placed into glass bottles (60, 100, 300 or 550 mL capacity 90 depending on the size of specimens) filled with filtered seawater. Control bottles 91 without specimens were prepared concurrently. In a typical experiment with six 92 experimental bottles, two control bottles were prepared before the first experimental 93 bottle and two after the last experimental bottle. All bottles were incubated for 2-12 h 94 in the dark at near in situ temperatures (23 to 30˚C). At the end of the incubations, 95 duplicate 15 mL (or 70 mL for larger capacity bottles) and 5 mL (or 10 mL) water 96 samples were siphoned out for the measurements of dissolved oxygen and ammonia, 97 respectively. Dissolved oxygen and ammonia were determined by the Winkler titration 98 method and the phenol-hypochlorite method, respectively (Strickland & Parsons 1972) . 99
Based on replicate measurements on homogenous samples, the precision expressed as 100 coefficient of variation (CV) was 0.2% for dissolved oxygen determinations and 6% 101 for ammonia determinations in this study. Specimens left in experimental bottles were 102
In the laboratory, frozen specimens were freeze-dried, then oven dried at 60 o C 111 overnight to remove residual water for the estimation of dry mass (DM) and water 112 content. The dried specimens were pooled by species (Leptochela sp. was separated to 113 two size groups and alima larvae into two site groups). Samples of large species (>1 114 mg DM ind. 1983), four ctenophores (Kremer et al. 1986 ), four salps (Cetta et al. 1986) , and three 141 size-groups of "gelatinous" zooplankton (Biggs 1977) were selected since rates of 142 oxygen consumption (R) and ammonia excretion (E) were determined simultaneously 143 in these studies and yielded O:N ratios comparable to those of the present study. 144
Predicted relationships between body mass (DM and N) and oxygen consumption rate 145 (R), ammonia excretion rate (E) and O:N ratios of "general zooplankton" at the mean 146 experimental temperature of this study (27 o C) from the "global zooplankton model" 147 (Ikeda 1985) , which was established by analyzing a comprehensive collection of data 148 on diverse zooplankton taxa from the world oceans, were computed. The data on 29 149 small teleost fishes, which comprise a mixture of different life modes (planktonic, 150 hyperbenthic and micronektonic) (Ikeda et al. 2011a) were also selected on the basis 151 that ammonia is the major end product of protein metabolism (Wright & Fyhn 2001) as 152 is the case for zooplankton (Table 5) . Experimental procedures in measuring R and E in 153 these previous studies are similar (sealed chamber method) though the collection 154 method of the test animals differed; nets (Reeve et al. 1970 , Ikeda 1985 , 155 light traps (Ikeda et al. 2011a , this study) and SCUBA (Biggs 1977 , Cetta et al. 1986 , 156 Kremer et al. 1986 . 157 DM body masses of the chaetognaths and copepods were converted to N masses 158 by multiplying by 0.062 (Beers 1964) and 0.11 (Ikeda 1974) , respectively. Since R and 159 E data of salps were given as a function of body length or body C only, R and E at a 160 mid-body C range (1 mg) were computed and body C was converted to DM or N first 161 by using conversion factors of C:DM = 0.08 (Madin et al. 1981) and C:N = 4.4 (Cetta 162 et al. 1986 ). Protein biomass of "gelatinous" zooplankton was converted to DM by 163 using a conversion factor of DM = 2 × Protein, and N = 0.08 × DM (Postel et al. 2000) . 164
Thus, body mass data of each species or size group were standardized to DM and N 165 (Table 5) . 166
167

Results
168
Oxygen consumption and ammonia excretion 169
Zooplankton including two decapods, one amphipod, three euphausiids, one 170 stomatopod larva, five copepods, three chaetognaths and one cephalopod, and 171 hyperbenthos including two decapods, two amphipods, one mysid and one ostracod 172 were studied (Table 1) . Among 16 species classified as zooplankton, Acetes sibogae 173 australis Colefax has been observed to be distributed only in the surface layer of 174 shallow coastal waters and can be regarded as either zooplankton or hyperbenthos. The 175 copepod Macrosetella gracilis (Dana) is reported to be associated with the colonial 176 cyanobacterium Trichodesmium preferentially to other phytoplankton (O'Neil 1998 Stepwise multiple regression analyses revealed that among the three independent 192 variables (body mass, temperature and life modes), significant variables were body 193 mass only for R, but body mass and life mode for E (Fig. 1, Table 3 ). In the analyses of 194 E, Leurolebris sp. was identified as an outlier and was therefore removed. Across 17 zooplankton species, the range of variation was 62.6-91.1% (mean: 220 78.5%) for water contents, 7.3-43.0 % (16.8) for ash, 25.5-47.2% (38.7) for C and 221 6.2-12.3% (10.3) for N, with C:N ratios of 3.1-4.7 (3.8) (Table 4) . For 6 hyperbenthic 222 species, the range of variation was 51.1-76.0% (64.2) for water content, 14.2-58.8% 223 (31.0) for ash, 18.0-43.8% (34.2) for C, 2.4-11.1% (9.0) for N, with C:N ratios of 224 3.3-7.5 (4.2). Significant differences between zooplankton and hyperbenthos were 225 seen only in ash (U-test, p < 0.05), and this conclusion was unaffected by the 226 presence/absence of the anomalous datum for Leuroleberis sp. from hyperbenthos data 227
sets. 228 229
Comparison with other zooplankton data 230
Published data (Table 5) on tropical zooplankton and small fishes were 231 converted first to DM-specific R and E and plotted against DM on a log-log graph (Fig  232   3A , C), and compared with the 95% CI belt of pooled zooplankton and hyperbenthos 233 data (DM-specific R) or with zooplankton data only (DM-specific E) from this study 234 (Fig. 3) . While most of the data fall within or close to the 95% CI belt, both 235 DM-specific R and E data for ctenophores and only the E data for hyperbenthos and a 236 part of the small fish data scatter below the lower 95% CI limit. In terms of N-specific 237
R and E, the low values for ctenophore data plotted well within the 95% CI, but this 238
was not the case for the hyperbenthos and some small fishes (Fig. 3B, D) . Preliminary 239 calculation of C-specific R and E yielded estimates close to N-specific R or E and 240 somewhere between DM-specific and N-specific R and E; therefore the results were 241 not shown. 242
The published O:N data for tropical zooplankton and small fishes (Table 5) 
Metabolic comparison 249
While no significant differences were detected in R-body mass relationships 250 between zooplankton and hyperbenthos, the latter showed significantly lower E than 251 zooplankton with equivalent body masses (Fig. 1) . Choice of body mass units (DM, C 252 or N) did not affect this conclusion (Table 3 ). This result implies that different life 253 modes (planktonic or hyperbenthic) affect ammonia excretion but not oxygen 254 consumption by these animals. Coull & Vernberg (1970) hyperbenthos cannot be ruled out during his experiments with mixed species. 268
In Fig. 3 , DM-specific R and E data for ctenophores, which scattered below the 269 lower 95% CI range, fell well within the 95% CI range in terms of N-specific R and E. 270
In contrast, DM-specific R of salps, which fell within the 95% CI range, shifted above 271 the upper 95% CI range in terms of N-specific R. The same pattern, though much 272 modulated, was seen in the specific R of gelatinous zooplankton and specific E of the 273 same salps. As compared with other zooplankton, higher N (or protein)-specific R and 274 E of salps and gelatinous zooplankton have been explained by gentle capture of test 275 animals and immediate incubation in situ by SCUBA divers (Biggs 1977 , Cetta et al. 276 1986 . The rapid decline in R and E after capture is a phenomenon that has been 277 observed in early studies on zooplankton metabolism, and interpreted as a result of 278 complex interactions between capture stress (which is highest at capture) and 279 starvation effects (which increase with time after capture) (Ikeda et al. 2000) . The result 280 of interactions between these factors could vary across diverse zooplankton taxa 281 characterized by dissimilar body size, behavior, swimming activity and nutrition, and 282 no single method to overcome the problem is presently available. 283
Bearing this limitation of the methodology in mind, it is concluded that most 284 published data of zooplankton and small fishes from tropical seas fit the N-specific 285 R-body mass relationship of zooplankton and hyperbenthos established in this study 286 (Fig. 3B ). The same is true for the N-specific E-body mass relationship of zooplankton 287 in this study, excluding the lower specific E of hyperbenthos and some small fishes 288 (Fig. 3D) . 289 interpreted that this was a reflection of their partial or entire dependence on diets such 300 as benthic algae, seaweeds or detritus, all characterized by extremely low N 301 composition (1-2% of DM, Tenore 1983 , 1988 , Duarte 1990 in contrast to N-rich 302 phytoplankton and zooplankton (3-12% or more of DM, Parsons et al. 1961 , Mayzaud 303 & Martin 1975 , Ikeda 1974 , Verity et al. 1992 . 304
While no information about the diet of the hyperbenthos used in this study is 305 presently available, it is conceivable that their diets are likely to include N-poor 306 detritus because of their close association to the bottom. There is ample evidence to 307 support this interpretation -high metabolic O:N ratios associated with low N 308 composition of diets -in some benthic animals. Mukai & Koike (1984) As a general conclusion, we demonstrated that R of zooplankton was comparable 362 to that of hyperbenthos at equivalent body mass, but E of the latter was lower. The 363 pattern was most evident by choosing N rather than DM as the body mass unit. As a 364 consequence, O:N ratios of hyperbenthos were significantly higher (lipid/carbohydrate 365 oriented metabolism) than those of zooplankton (protein-oriented metabolism). As 366 judged by body C:N ratio, protein is the predominant biochemical compound in both 367 zooplankton and hyperbenthos. Despite living in the same habitat, these dissimilarities 368 (metabolic O:N ratios) and similarities (body C:N ratios) between zooplankton and 369 hyperbenthos may be explained by their dependence on diets characterized by N-rich 370 matter (phytoplankton, zooplankton) for the former and N-poor composition matter 371 (detritus) for the latter. 372
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